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BACKGROUND 

The present invention relates generally to optical communication systems, and 
more particularly, to a programmable optical vector modulator and method for use in 
coherent optical communication systems. 

5 The assignee of the present invention designs coherent optical communication 

systems for use in communicating data over optical links. The optical links of these 
coherent optical communication systems have varying nonlinearity and varying optical 
signal to noise ratios. 

Prior art optical signaling almost exclusively involves the use of incoherent on- 

10 off keying. The few coherent links that have been realized are binary. The present 
invention provides for a technique for generating arbitrary M-ary constellations. This 
allows multiple bits/symbol and predistortion of the constellation to compensate for 
some link non-idealities. 

Prior art binary signaling cannot adapt to changing link conditions. The 

1 5 currently evolving optically switched, all-optical transcontinental network requires 

transmitters that can be reprogrammed from hour to hour to transmit on any link from 
300 km to 10,000 km in length. The available link optical dynamic range and link 
nonlinearity varies widely as the link length varies. 

It would be desirable to have a transmitter and method that can maximize the data 

20 rate according to changing link conditions. One way to do this is to have a transmitter 
and method that can generate arbitrary M-ary constellations that allow multiple 
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bits/symbol and/or predistortion of the constellation to aid in compensating for link non- 
idealities. 

For example, if on a given day a transmitter is required to transmit on a relatively 
long link with a low optical signal to noise, Quadrature Phase Shift Keying might be the 
only choice to achieve the required bit error rate. However, if the next day the 
transmitter is to transmit on a shorter, higher optical signal to noise ratio link it may be 
advantageous to switch to 8-ary Phase Shift Keying or a 16-ary format to transmit more 
data. Another reason to switch to a higher order format is if the traffic changes to a 
lower quality of service level and more errors can be tolerated; that is, error rate can be 
traded for more data throughput. 

It is therefore an objective of the present invention to provide such an improved 
transmitter that can maximize the data transmitted according to changing link conditions. 
This invention comprises a programmable optical vector modulator and method for use 
in coherent optical communication systems. 

SUMMARY OF THE INVENTION 

To accomplish the above and other objectives, the present invention provides for 
a transmitter comprising a programmable optical vector modulator that may be used in 
coherent optical communication systems. An exemplary programmable optical vector 
modulator comprises a transmitter laser for providing a laser beam; the output of which 
is connected with an amplitude modulator and a phase modulator in series. The 
amplitude modulator and phase modulator in series are used to modulate the beam into 
an arbitrary amplitude/phase state. Amplitude and phase state constellation generating 
electronics are coupled to the optical amplitude and phase modulators that are responsive 
to input data and a data clock signal. The amplitude and phase constellation electronics 
generate programmable voltage signals that are input into the amplitude and phase 
modulators. 

The amplitude state constellation generating apparatus includes programmable 
amplitude symbol mapping logic that is responsive to input data and a data clock signal, 
weighting apparatus, summing apparatus, and amplifying apparatus that are used to 
generate the voltage signal input to the optical amplitude modulator. The constellation 
generating apparatus also includes phase angle symbol mapping logic that is responsive 
to the input data and the data clock signal, weighting apparatus, summing apparatus, 
amplifying apparatus, and an electrical delay line, all of which are used to generate the 
voltage signal input to the optical phase modulator. The electrical length of the delay 
line corresponds to the total delay of the laser light from the input of the amplitude 
modulator to the input of the phase modulator. 
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An exemplary optical transmitting method comprises the following steps. A 
laser beam is generated. A user defined set of voltages is generated in response to input 
data and a data clock signal that are used to drive the optical amplitude and phase 
modulators. The laser beam is first amplitude modulated using the appropriate voltage 
5 signal. The laser beam is then phase modulated using the appropriate voltage signal to 
produce an output beam modulated according to a constellation of amplitude and phase 
states. 

The present invention may be used to maximize the data transmitted over an 
optical link with varying nonlinearity and varying optical signal to noise ratio. The 

10 present invention provides for a technique for generating arbitrary M-ary amplitude and 
phase state constellations. This allows multiple bits/symbol and/or predistortion of the 
constellation to compensate for link non-idealities. The programmable nature of the 
present invention allows the constellation to be changed through the use of software 
only without any changes in hardware. Thus, the transmitter can maximize the data rate 

1 5 to take full advantage of whatever optical dynamic range is currently available. The 

transmitter can also variably predistort the constellation to compensate for varying link 
distortion, in particular the nonlinear effect commonly known as "self-phase 
modulation". 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

The various features and advantages of the present invention may be more 
readily understood with reference to the following detailed description taken in 
conjunction with the accompanying drawings, wherein like reference numerals designate 
like structural elements, and in which: 
25 Fig. 1 is a block diagram illustrating a first embodiment of an exemplary 

transmitter in accordance with the principles of the present invention; 

Fig. 2 illustrates a constellation output by the transmitter shown in Fig. 1; 

Figs. 3 and 4 illustrate how the constellation shown in Fig. 2 may be optimized 
to cluster the data states to concentrate on specific modulation schemes by adjusting the 
30 amplitude and phase weighting; 

Fig. 5 is a block diagram showing a portion of a second embodiment of an 
exemplary transmitter in accordance with the principles of the present invention; 

Fig. 6 is an illustration of the effect of "self-phase modulation" fiber nonlinearity 
on a 16-QAM constellation; 
35 Fig. 6a is an illustration of the desired received 16-QAM constellatioin. 

Fig. 7 illustrates how a 16-QAM constellation may be predistorted to 
compensate for the "self -phase modulation" nonlinearity; and 
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Fig. 8 is a flow diagram illustrating an exemplary method in accordance with the 
principles of the present invention. 

DETAILED DESCRIPTION 

5 Referring to the drawing figures, Fig. 1 is a block diagram illustrating a first 

embodiment of an exemplary transmitter 10 in accordance with the principles of the 
present invention. The transmitter 10 comprises a programmable optical vector 
modulator 10. The transmitter 10 or programmable optical vector modulator 10 
includes a transmitter laser 11, such as a fiber distributed feedback laser or semicon- 

10 ductor distributed feedback laser, for example. The output of the transmitter laser 1 1 is 
coupled by way of an optical fiber 12 to an amplitude modulator 13. The output of the 
amplitude modulator is coupled by way of a length of optical fiber 15 into a phase 
modulator 17 from which emerges modulated light output from the transmitter 10. The 
total optical propagation time from the entrance to the amplitude modulator 13 through 

15 the optical fiber 15 to the entrance of the phase modulator 17 is labeled "T". 

Amplitude modulation of the output of the transmitter laser 1 1 is achieved by 
inputting a copy of data 21 to be transmitted and a data clock signal 22 to amplitude 
symbol mapping logic 23. Outputs of the amplitude symbol mapping logic 23 are 
selectively weighted 24, summed 25, amplified 26 and input to the amplitude modulator 

20 1 3 to amplitude modulate the output of the transmitter laser 1 1 . 

Phase modulation of the delayed output of the transmitter laser 1 1 is achieved by 
inputting a copy of the modulating data 21 and the data clock signal 22 to phase angle 
symbol mapping logic 31. Outputs of the phase angle symbol mapping logic 31 are 
selectively weighted 32, summed 33, amplified 34, delayed 35 by the propagation time 

25 "T" (for example with a coaxial cable of appropriate length), and input to the phase 

modulator 17 to phase modulate the amplitude modulated output of the transmitter laser 
1 1 . The electrical delay 35 is chosen to give the same path delay "T" as the optical path 
delay through the optical amplitude modulator 13 and interconnecting fiber 15. In this 
way, the amplitude and phase modulation corresponding to a given word of the data 21 

30 is applied to the same interval of the laser beam. 

The specific implementation of the weighting 32 of the programmable optical 
vector modulator 10 shown in Fig. 1 provides three bits of amplitude modulation 
(allowing eight amplitude levels), and four bits of phase modulation (allowing sixteen 
phase angles). Each increment of 6 dB of weighting 32 reduces the voltage by an 

35 additional compounded factor of 1/2. More particularly, the transmitter 10 shown in 
Fig. 1 maps out 7 bits per symbol. Fig. 2 illustrates the available constellation points 
output by the transmitter 10 shown in Fig. 1 . 
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The 7 parallel bits of data 21 are input into two logic function blocks comprising 
the amplitude symbol mapping and phase angle symbol mapping logic 23, 3 1 . In the 
exemplary transmitter 10, there are 8 amplitude states (= 3 bits of resolution) to choose 
from and 16 angle states (= 4 bits of resolution). The logic is programmed such that a 

5 Grey code results. In particular, adjacent symbol states on the constellation (shown in 
Fig. 2) is made to differ by only 1 bit so that the most likely symbol errors result in 
only 1 bit error. There are many permutations possible to achieve this, which are well 
known by those skilled in the art. 

The voltage outputs of the logic function implemented by the amplitude symbol 

10 and phase angle symbol mapping logic 23, 3 1 are weighted 24, 32 and respectively 
summed 25, 33 to yield the constellation. In this example, the weighting 24, 32 is 
geometrical. Each increment 6 dB of attenuation reduces the voltage by an additional 
compounded factor of 1/2. 

For the amplitude function implemented by the amplitude symbol mapping logic 

15 23, a binary output of 000 to the weighting circuitry 24 yields a normalized total voltage 
into the voltage summer 25 of 0. A binary 100 yields 1/2, a 1 10 yields 3/4, a 1 1 1 yields 
7/8, a 010 yields 1/4, and so on. The normalized total amplitude voltage output from the 
summer 25 is amplified 26 such that the amplitude modulator 13 attenuates the signal in 
proportion to the normalized voltage output by the voltage summer 25. 

20 The phase angle symbol mapping logic 31 works similarly. In the symbol 

mapping logic 31, a 0000 results in a 0 degree phase shift, a 1000 causes a 180 degree 
phase shift, a 1 100 causes a 270 degree phase shift, and so forth. 

If the electrical delay 24, 32 in the output paths of the amplitude and phase 
mapping logic 23, 31 is not the same, the electrical delay 35 must be adjusted to 

25 compensate so that the amplitude and phase modulation corresponding to the given data 
word 2 1 is applied to the same interval of the laser beam. 

Figs. 3 and 4 illustrate how the constellation may be optimized to cluster the 
amplitude and phase states to concentrate on a specific modulation scheme by altering 
the amplitude and phase weighting. Fig. 3 shows the transmitter 10 with amplitude and 

30 phase sets adjusted to give the capability to predistort in the vicinity of an 8-ary phase 
constellation. Fig. 4 illustrates the resulting map of available states. 

This clustering is useful if the modulation scheme and the approximate range of 
distortions thereof are known beforehand. By choosing the allowed constellation states 
appropriately, the best results from the least complex symbol mapping logic can be 

35 obtained. An example of this kind of pre-adjustment of the constellation would be 
custom adjustment of the amplitude (constellation radius) weighing to account for 
device to device variation and nonlinear response of the optical amplitude modulator 13. 
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For example, a commonly used Mach-Zehnder type optical amplitude modulator 13 has 
a nonlinear cosine-squared response versus input voltage. 

Fig. 5 is a block diagram showing the phase modulator portion of a second 
embodiment of an exemplary transmitter 10 in accordance with the principles of the 
5 present invention. This phase modulator is geometrically weighed like Fig. 1. This 
embodiment is useful if an electrical amplifier 34 does not generate enough voltage to 
drive a single phase modulator 17 to the maximum phase angle required by the 
modulation scheme. This second embodiment of the transmitter 10 uses two identical 
phase modulators 17, 18 in series coupled together by a length of optical fiber 16. 

10 The phase angle symbol mapping logic 3 1 provides a set of outputs that are 

selectively weighted 32, summed 33, and then split into two copies. The copies are 
amplified 34, 37 and delayed 35, 36 by times "T" and "T2" respectively. The delays T, 
T2 into the first and second phase modulators 17, 18 are chosen so that the phase 
modulation of the two phase modulators 17, 18 in series is applied to the interval of the 

15 laser beam corresponding to the data word being transmitted. The second phase 
modulator 18 is the last step in generating the modulated light output from the 
transmitter 10. 

If a geometrical weighting function constellation (such as Fig. 2) is used with 
many bits of resolution, a very dense mesh of points is established. The logic 23, 3 1 

20 may then be programmed to make a virtually arbitrary constellation. In other words, if 
there are 4 bits of data per symbol to be transmitted, a constellation is needed with 16 
points (16-ary constellation). However, if the weighting scheme establishes a uniformly 
spaced fine mesh of 512 or 1024 constellation points from which the logic 23, 31 may 
be programmed to choose, a practically arbitrary choice of constellations of 16 points 

25 can be selected. Moreover, the constellation may be altered virtually instantly to an 8- 
ary or 4-ary format by changing the programming of the logic 23, 3 1 . The density of 
mesh points is increased by increasing the number of amplitude and phase taps 24, 32 
that the symbol mapping logic 23, 3 1 has to work with. For instance, instead of 0 dB, 6 
dB, and 12 dB amplitude taps, one could have 0 dB, 6 dB, 12 dB, 18 dB, 24 dB and 30 

30 dB for 6 bits of amplitude resolution, with similar phase taps. 

As an example of the use of such a very dense constellation mesh, Figs. 6 and 7 
illustrate the utility of predistorting a 16-QAM constellation to compensate for the "self- 
phase modulation" nonlinearity in optical fiber. Self-phase modulation in an optical 
fiber is a change in optical phase proportional to the intensity of the optical symbol. As 

35 is shown in Fig. 6, the effect of this is that the outermost, highest intensity points of the 
16-QAM constellation are rotated in phase relative to the inner points. The amount of 
phase rotation is proportional to the intensity (radius) of the constellation point. In Fig. 
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6, the circles indicate the transmitted constellation, whereas the triangles indicate the 
corresponding received distorted constellation after propagation through a fiber link 
subject to self-phase modulation. Fig. 6a illustrates the desired received 16-QAM 
constellatioin. Fig. 7 illustrates the result of transmitting a constellation pre-rotated 

5 such that a clean 16-QAM signal is received. In Fig. 7 again the transmitted 

constellation is indicated by the circles and the received constellation are triangles. 

Fig. 8 is a flow diagram illustrating an exemplary method 50 in accordance with 
the principles of the present invention. The method 50 comprises the following steps. A 
laser beam is output 5 1 . A constellation of data points is generated 52 in response to 

1 0 input data and a data clock signal that is used to amplitude and phase modulate the laser 
beam. The laser beam is amplitude modulated 53 according to the constellation of data 
points. The constellation of data points used for phase modulation is delayed 54 to 
synchronize it with the amplitude modulated laser beam. The laser beam is phase 
modulated 55 using the delayed constellation of data points to produce a modulated 

15 output beam. 

Thus, a programmable optical vector modulator transmitter and method for use 
in coherent optical communication systems have been disclosed. It is to be understood 
that the above-described embodiment is merely illustrative of some of the many specific 
embodiments that represent applications of the principles of the present invention. 
20 Clearly, numerous and other arrangements can be readily devised by those skilled in the 
art without departing from the scope of the invention. 



